There is no agreement on the etiology of chronic fatigue syndrome (CFS), and the main theories (behavioural and viral/immune) do not satisfactorily explain the condition. A growing body of evidence suggests that CFS may be caused by a dysfunction of the stress system-and the hypothalamic-pituitary-adrenal (HPA) axis in particular-as a result of chronic stress. CFS shares many similarities to occupational burnout, including similar symptoms, physiological abnormalities and triggers. After a brief review of the science of stress, burnout, central fatigue and CFS, I propose a model of CFS based on a state of persistent burnout that remains after the initial stressors have been removed. This persistence may be due to a combination of a dysregulation of the HPA axis, and behavioural factors. A novel treatment approach based on self-efficacy and positive goals is proposed.
Introduction
Chronic Fatigue Syndrome (CFS) is the internationally accepted term for long-term, disabling fatigue along with other symptoms such as musculoskeletal pain, sleep disturbances and impaired concentration, which has no known medical cause. There is no objective test for the condition and it remains a diagnosis of exclusion [1] . Estimates of the prevalence of CFS range from 0.007% to 2.8% in the adult general population. CFS is frequently co-morbid with fibromyalgia, multiple chemical sensitivity, irritable bowel syndrome and temporomandibular joint disorder. Risk factors include older age, longer illness duration, fatigue severity, co-morbid psychiatric illness and a physical attribution for the illness [2] .
There is no generally accepted theory for the etiology of CFS. The main contenders are the psychiatric (cognitive behavioral) theory and the viral theory. The cognitive behavioral theory posits that CFS is caused by an initial trigger (such as a virus or stressor), but maintained by behavioral factors such as de-conditioning, exercise avoidance and abnormal illness beliefs [3] . The viral theory posits that CFS is caused either by a so-far-undetected virus or that the immune system in patients is compromised and allows viruses such as herpes-virus to persist [4] .
The problem with the cognitive behavioral theory is that it does not adequately explain all of the signs and symptoms of CFS, such as the endocrine and immune irregularities, simply putting these down to mind-body interactions without adequately explaining them. It also does not adequately explain findings about patients' history, personality and pre-morbid lifestyle [5] . A meta-analysis by Malouff et al. found that including cognitive elements in a treatment did not lead to a greater effect, and there appeared to be no empirical basis for including cognitive components in the treatment of CFS [6] . Exercise avoidance and de-conditioning do not adequately explain findings such as abnormal performance in repeated cardiopulmonary exercise tests [7] [8] . A review by Wiborg et al. found that the effectiveness of cognitive behavioral therapy (CBT) was independent of any persistent change in physical activity [9] . A case study by Friedberg found that improvement was associated with the substitution of stress-exacerbating activities with mood-enhancing, stress-reducing activities, rather than any increase in activity. This suggests that the patient's attitude towards the activity is more important than the actual amount of physical exertion [10] .
Taken together, these findings suggest that de-conditioning, exercise avoidance and cognitive behavioral factors do not satisfactorily explain the etiology of CFS. The cognitive behavioral theory essentially explains CFS symptoms by saying "while your illness might have been triggered by a virus, it is being perpetuated by your beliefs", which does not really correspond with the experiences of the patients themselves. It is not surprising that there is such a vehement backlash against any psychological explanation for the illness [11] .
The problem with the viral theory is that no single virus has been found in all CFS patients. While high titers of HHV6, EBV and other virus antibodies are commonly found in patients, this is also sometimes found in healthy patients and simply reflects prior infection. Furthermore, some research shows no immune dysfunction in patients at all [12] . It is also well established that stressors such as examinations can cause large increases in herpesvirus antibody titers [13] . It is possible that there is some as-yet-undiscovered virus hiding out in the bodies of CFS patients, but such a theory is not credible until evidence is produced.
Hypothalamic-Pituitary-Adrenal Axis
There are many different CFS symptoms-such as post-exertional malaise, anorexia, nausea, night sweats, dizziness, alcohol intolerance, autonomic dysfunction, immune system abnormalities and insomnia-and no two patients have exactly the same set of symptoms [2] . However, there are certain abnormalities that appear to be present in the majority of patients. One common finding is a dysfunction in the hypothalamic-pituitary-adrenal (HPA) axis, including blunted HPA axis responsiveness, mild hypocortisolism, and a lower than normal variation in the normal circadian pattern of HPA axis activation [14] . Given that the HPA axis is an important modulator of the immune system [15] , this may explain the immune abnormalities seen in CFS.
Most CFS cases are triggered by either an infectious illness, a stressful life event, or a combination of the two [16] . Viral infections are physiologically stressful, and they activate the HPA axis in a similar way to psychological stressors [17] .
A number of studies have shown that CFS patients tend to have a Th2-type immune response, and this has been shown to be due to increased sensitivity to cortisol. Increased sensitivity to cortisol is typically a result of long-term hypocortisolism, and is thought to be a compensatory mechanism [18] .
CFS patients appear to have an "action-prone" (or hyperactive) personality [19] , which then appears to result in a "crash" of the stress system due to excessive chronic stress [20] . The HPA axis dysfunction in CFS appears to be due to enhanced HPA axis negative feedback, which may be mediated by mineralocorticoid and glucocorticoid receptors in the brain [14] . Similar enhanced negative feedback is also seen in post-traumatic stress disorder (PTSD), burnout, childhood sexual abuse, adolescents exposed to earthquake-trauma, and chronic pelvic pain [21] .
Under-Activation of the HPA Axis
While stress normally results in an increase in HPA axis activation, chronic long-term stress can paradoxically lead to an under-activation of the HPA axis, hypocortisolism, and fatigue [22] . This was first noted by Hans Selye, who termed it general adaptation syndrome (GAS). The earliest research showed that chronic stress was associated with a reduced daily output of cortisol. However this went against the prevailing dogma that stress was associated with high cortisol output, so the results languished for 10 -15 years. Subsequent research has shown that chronic stress can result in both high and low cortisol depending on the nature of the threat, the time since onset, and the person's response to the situation. Cortisol output tends to be elevated initially, and then tends to reduce as time passes [22] . Under-activation of the HPA axis is consistently seen in both PTSD and CFS [14] [22] , as well as after the cessation of chronic stress [23] .
Cortisol Awakening Response
The cortisol awakening response (CAR) is a measure of cortisol in the 30 -60 minutes after waking, and is believed to be a reliable indicator of HPA axis responsiveness. Normally cortisol rises just after waking-similar to a mild stressor-in anticipation of events during the day [15] . During periods of stress, the CAR is elevated, whereas in CFS, chronic pain disorders, functional gastrointestinal disorders and PTSD, it tends to be blunted [24] . Two studies have shown that the hypocortisolism in CFS is normalised after treatment, and that response to treatment is associated with normalization of cortisol in patients [25] [26] .
Hall et al. found that perceived stress management skills are related to greater CAR response in CFS patients, and a greater CAR results in reduced post-exertional malaise (PEM). The authors hypothesize that higher cortisol may protect against CFS symptoms such as PEM due to its effects on energy metabolism. Alternatively, the hypocortisolism in CFS and resulting changes in inflammatory cytokines may result in increased inflammation after exertion [27] .
Burnout
Burnout is a state of emotional exhaustion, depersonalization, and reduced personal accomplishment, due to excessive demands of a job (e.g. workload or time pressure), and insufficient resources (e.g. being in control, or having a variety of tasks). It has been shown that job demands correlate with feelings of exhaustion in burned out workers [28] .
Research has shown that patients suffering from fatigue, burnout, or exhaustion tend to have a reduced CAR compared to controls, whereas job stress and general life stress is associated with an increased CAR [29] . When comparing the CAR response of burned-out teachers, Pruessner et al. found that both stress and burnout had independent effects on cortisol secretion (positive for stress and negative for burnout), and they suggest that the HPA axis might be independently affected by stress and burnout [30] . Fries et al. hypothesize that the hypocortisolism seen in stress-related disorders is a protective mechanism which has evolved to conserve energy during threats that are beyond the organism's ability to cope [15] .
Research in rats suggests that certain dopaminergic systems in the brain are involved in assessing the benefits versus energy demands of performing a task, with behaviour only proceeding if the benefit to the organism outweighs the energy expenditure. The brain regions involved include the nucleus accumbens, orbitofrontal cortex, amygdala, insular cortex, and anterior cingulate cortex (ACC). Boksem et al. propose that this unconscious "cost-benefit analysis" is central to mental fatigue, and that these dopaminergic systems may be fundamental to disorders such as burnout and CFS [31] .
Central fatigue
Research on animals and athletes has shown that fatigue is predominantly an emotion that is generated by the brain in order to protect the body from potential exercise-induced damage. The brain integrates a number of physiological and psychological parameters-such as rate of heat accumulation, cerebral oxygenation, thirst, muscle soreness, blood lactose, emotional state, sleep deprivation, visual feedback, knowledge of the endpoint, degree of motivation, and other factors-to determine when to produce the experience of fatigue.
fMRI studies show that the brain regions involved in central fatigue include the insular cortex and the ACC. These brain regions are known to be involved in error detection, conflict detection, pain processing, reward-based learning, emotional regulation, and in creating emotional memories. The ACC has direct links to the motor cortex, which is thought to be the mechanism by which the brain makes movement extremely difficult during extreme fatigue.
Studies show increased activation of the insular cortex during fatiguing exercise, as well as increased communication between the insular cortex and the motor cortex. Trained athletes show attenuated responses in the right insular cortex compared to non-athletes, suggesting that athletes have learned to attenuate their fatigue response to exercise. Noakes gives the term "Central Governor" to this fatigue-generating system in the brain [32] . These brain regions have also been shown to have abnormal activation in CFS [33] .
Persistent Burnout Theory of Chronic Fatigue Syndrome
Burnout and CFS share similar symptoms and physiological abnormalities, as well as both being triggered by stress [34] . The main difference between burnout and CFS appears to be illness attribution: psychological for burnout and physical for CFS [34] [35] . Both CFS and burnout are associated with a hypofunction of the HPA axis, which appears to resolve in burnout after taking time off work, but persists in CFS.
The persistent burnout theory of CFS proposes that CFS is a state of persistent burnout, which remains after the initial stressors have been removed. The burnout is caused either by the cessation of long-term chronic stress, or begins during the period of stress, both of which are associated with hypocortisolism.
The key components of the theory are shown in Figure 1 . A trigger-such as a virus or psychological stressor-results in the initial symptoms, and HPA axis hypofunction. Persistence is maintained either via changes in the HPA axis resulting in a dysregulation in the stress system [20] , or due to cognitive behavioral factors [3] , or a combination of both, with the illness being perpetuated by negative feedback mechanisms.
Burnout and HPA axis hypoactivation may be a protective mechanism that has evolved to protect the organism from the effects of chronic stress, and CFS may be a maladaptive burnout state that does not resolve after cessation of the stressor.
"-" indicates negative feedback. Further research is needed to elucidate the brain structures responsible for burnout and CFS, but the prefrontal cortex (PFC) may be involved. The PFC is thought to be involved in long-term goal planning [36] , and is an important part of the negative feedback regulation of the HPA axis [37] . A number of studies have shown that CFS patients have reduced grey matter volume in the lateral PFC, and one study has shown that this reduction is reversed after treatment with CBT [38] .
A study on mice has shown that glucocorticoid receptors in the forebrain (which includes the prefrontal cortex, hippocampus, and basolateral amygdala) regulate the stress response to psychogenic stressors, reducing the HPA axis response through negative feedback. This negative feedback only seems to apply to psychogenic stressors, not physiological stressors [39] .
The insular cortex and ACC may also be involved in CFS, given their importance in generating the sensations of mental [31] and physical [32] fatigue as described earlier. The ACC and insular cortex are implicated in both the "cost-benefit analysis" model of mental fatigue described by Boksem, and the "central governor" model of exercise fatigue described by Noakes, and have been shown to have abnormal activation in CFS. Their direct communication with the motor cortex, and their role in producing the emotional response to pain, could also explain the fatigue and pain seen in CFS.
Recovery
Recovery from CFS is difficult, and current treatments such as CBT and graded exercise therapy (GET) are only moderately effective for treating CFS. The fact that cognitive elements do not appear to make a therapy more effective, and that recovery is not associated with an increase in activity, calls into question the theories behind these treatments. Exercise may in fact be detrimental if it perceived as stressful by the patient. The moderate effectiveness of these (and other) treatments may simply be due to the fact that they give the HPA axis a benign "kick", reversing the state of persistent hypoactivation. Or perhaps they are simply a placebo that gives the patient self-efficacy and a positive goal to work towards.
Simply reducing stress and pacing activities does not generally result in recovery from CFS [40] . Anecdotally, patients seem to use a variety of unproven treatments that sometimes lead to recovery. The only common factors among all these treatments seem to be self-efficacy and the achievement of positive goals. Low self-efficacy has been shown to be a risk factor for both burnout and CFS [41] [42] , and a lack of positive goals has been shown to be a factor in both persistent pain and workplace burnout [43] . Increasing self-efficacy has been shown to reduce fatigue, pain and depression [43] .
The factors that appear to result in recovery from CFS correspond closely with the psychological concept of flow. Studies have shown that frequent flow experiences result in reduced burnout at work, and that work-related flow-absorption and enjoyment in particular-are associated with increased energy and reduced exhaustion/burnout after work [44] [45] .
In summary, both burnout and CFS appear to be the result of long-term stress combined with a negative perception of the stress. With CFS, the illness itself may lead to continued stress and negative outlook, due to negative feedback, even in the absence of ongoing external stressors. Increasing positive goals, self-efficacy and flow experiences are thus a plausible treatment approach.
Future Directions
There are still a lot of unknowns about the etiology of CFS. There is some disagreement about the nature of the HPA axis dysfunction between studies, and it is unclear whether the HPA axis has a primary role in CFS. Future measurement of HPA axis and autonomic nervous system parameters in the days before and after exercise challenges may help to elucidate the nature of the HPA axis and autonomic dysfunction in patients, as well as shedding light on the nature of the post-exertional malaise seen in CFS. More effective treatments are desperately needed, and a better understanding of the etiology of the illness will likely lead to this happening.
Proposed Treatment
A possible novel treatment approach would be a therapy designed to enhance patient self-efficacy, positive goals and flow experiences. In addition, monitoring of both morning and evening cortisol during therapy would provide feedback to the patient. Such a therapy would:
• Help the patient understand the possible triggers and perpetuating factors of their illness.
• Teach the patient about the mechanisms through which the HPA axis has influence over the immune system, digestive system and autonomic nervous system, how it is influenced by stress and burnout, and how it may cause symptoms.
• Teach the patient about the "central governor", and how the fatigue and pain are linked to emotions and psychological factors in brain regions such as the insular cortex and ACC.
• Collaborate with the patient in helping them to identify possible stressors or behaviors (such as being "action-prone") that may have triggered or perpetuated their illness, and resolving those stresses if necessary. Techniques such as mindfulness meditation or acceptance and commitment therapy may be useful in dealing with ongoing negative emotional stressors.
• Collaborate with the patient in helping them to understand the importance of factors such as self-efficacy, positive goals and flow experiences in the recovery process, and that simply reducing stresses is not always sufficient for recovery. Identify positive goals that the patient can work towards in their own life.
• Advise the patient on strategies for managing symptoms such as pain, insomnia, and dys-regulated sleep cycle.
• Take objective measurements at regular intervals, such as daily cortisol profile, and provide feedback to the patient.
